Abstract: With respect to its density, magnesium (Mg) has a high potential for lightweight components. Nevertheless, the industrial application of Mg is limited due to, for example, its sensitivity to corrosion. To increase the applicability of Mg, a process chain for the production of a Mg component with a complete aluminum (Al) cladding is presented. Hydrostatic co-extrusion was used to produce bar-shaped rods with a diameter of 20 mm. The bonding between the materials was verified by ultrasonic testing. Specimens with a length of 79 mm were cut off from the rods and forged by using a two-staged process. After the first step (Heading), the Mg core was removed partially by drilling to ensure a complete enclosing of the remaining Mg during the second forging step (Net shape forging). The geometry of the drilling hole and the heading die design were dimensioned with the Finite Element-simulation software FORGE. Hence, a complete Al-enclosed Mg component was achieved by using the described process chain and forming processes. Microstructural investigations confirm the formation of an intermetallic interface as expected.
Introduction
The use of lightweight construction and materials is one way for the automotive industry to limit CO 2 emissions. However, the weight-saving potential of using a single material is limited. Material composites and composite materials can contribute to overcome this challenge by combining two or more different or similar materials. This results in tailored properties and emphasizes the positive properties of the materials and reduces the negative ones. With respect to weight saving, the use of lightweight materials is obvious, and especially the combination of Al and Mg as a material composite. Mg has a low density, but it is sensitive to corrosion. Al alloys (6xxx) provide corrosion resistance and are low-cost lightweight materials. Consequently, a material composite made from Al and Mg should be significantly lighter, depending on the content of Mg, and provide complete protection of the Mg from corrosive media. One approach is the production of a bar-shaped rod by co-extrusion and its use as a semi-finished product for a subsequent forging process. Co-extrusion has been investigated by several authors with different material combinations since the early 1970s [1] [2] [3] [4] [5] . Material composites from Mg and Al showed a good formability in contrast to other material combinations, where core fracture was observed [6] . Many investigations have focused on pressing billet geometry, variations of cladding and core material (cladding: Mg, core: Al, and vice versa) [7] , or geometry of co-extruded products (e.g., sheets [6] , profiles [8] , tubes [9] or bar-shaped rods [10] [11] [12] ). Such studies have shown that an interface between Al and Mg is formed by diffusion during co-extrusion. It comprises two intermetallic phases, Al 3 Mg 2 and Al 12 Mg 17 , and ensures the connection between the materials. Their structure and properties depend on the formation conditions [10] [11] [12] . Due to the brittle mechanical properties, the co-extrusion often results in cracks along the interface. The fracture and mechanical properties of the material composites have been investigated in detail by Lehmann [13, 14] and Kirbach [15, 16] . They found that the interface tensile strength at room temperature was 125 to 145 MPa, and the formability increased at elevated temperatures. The work on the forming of metallic macroscopic composites is very limited. Li et al. produced Al-Mg-Al sheets by hot roll bonding, and investigated the deep drawability [17] . Other investigations have focused on the forging of powder composites [18, 19] or metal matrix composites with different particle reinforcement [20, 21] . Foydl et al. investigated steel-reinforced aluminum. They used continuous reinforcement only for co-extrusion and discontinuous for forging, and produced a component with different distributions of the wire reinforcement [22] . This was confirmed by Feuerhack [23] , who investigated the processing of co-extruded Al-Mg rods by die forging. It was shown that the interface remains intact if compression stresses dominate. Shear stresses caused a fragmentation of the interface, but a new interface was built between the fragments [23] .
At the front ends of the bar-shaped rods, the Mg is left unprotected. This problem also remains after subsequent forging. To prevent the Mg from corrosion and increase the durability of the components, it is essential to achieve a complete enclosing by the Al cladding. Therefore, the production of a bimetal component from Mg with a complete Al cladding by using conventional forming processes was investigated.
Materials and Methods
For the production and processing of the Al-Mg material composites, commercially available alloys of magnesium (AZ31) and aluminum (AA-6082) were used. Their chemical compositions are given in Table 1 . The bar-shaped rods had a diameter of 80 mm (Al) and 60 mm (Mg). For the production of the pressing billets for the co-extrusion process, a blind hole of 58 mm in diameter was drilled and machined into 290 mm-long sections of the Al rods. The Mg rods were also machined to a diameter of 58 mm, and were loose fit into the Al. Figure 1a ,b shows a cross-sectional schematic view of the pressing billets with a Mg core and an Al cladding. The fracture and mechanical properties of the material composites have been investigated in detail by Lehmann [13, 14] and Kirbach [15, 16] . They found that the interface tensile strength at room temperature was 125 to 145 MPa, and the formability increased at elevated temperatures. The work on the forming of metallic macroscopic composites is very limited. Li et al. produced Al-Mg-Al sheets by hot roll bonding, and investigated the deep drawability [17] . Other investigations have focused on the forging of powder composites [18, 19] or metal matrix composites with different particle reinforcement [20, 21] . Foydl et al. investigated steel-reinforced aluminum. They used continuous reinforcement only for co-extrusion and discontinuous for forging, and produced a component with different distributions of the wire reinforcement [22] . This was confirmed by Feuerhack [23] , who investigated the processing of co-extruded Al-Mg rods by die forging. It was shown that the interface remains intact if compression stresses dominate. Shear stresses caused a fragmentation of the interface, but a new interface was built between the fragments [23] .
For the production and processing of the Al-Mg material composites, commercially available alloys of magnesium (AZ31) and aluminum (AA-6082) were used. Their chemical compositions are given in Table 1 . The bar-shaped rods had a diameter of 80 mm (Al) and 60 mm (Mg). For the production of the pressing billets for the co-extrusion process, a blind hole of 58 mm in diameter was drilled and machined into 290 mm-long sections of the Al rods. The Mg rods were also machined to a diameter of 58 mm, and were loose fit into the Al. 
Hydrostatic Co-Extrusion
The hydrostatic co-extrusion process of Al-Mg material composites was extensively investigated by Kittner [24] [25] [26] . The container of the press limited the dimensions of the pressing billet to a length of 290 mm and an outer diameter of 80 mm. He varied parameters such as material combinations, the ratio of cladding and core outer diameter, die geometries, and pressing temperatures. The best results were achieved with the material combination AA-6082 (cladding) and AZ31 (core) pressed at a temperature of about 300 • C with an extrusion ratio of 16. Thus, these parameters were used in this investigation. The pressing billet geometry used by Kittner is given in Figure 1a . This geometry with its conical shape leads to contact between the Al-Mg interface and the extrusion die during infeed, as shown in Figure 1c . Thus, lubricant is pressed into the gap between the materials, often preventing bonding. Therefore, the pressing billet geometry was adapted as shown in Figure 1b ,d by flattening and shortening the Mg core. The Al protrudes the Mg, and a touching of the contact zone can be prevented.
After the production of the pressing billets, they were heated to extrusion temperature and lubricated before the insertion into the extrusion press. It must be ensured that the lubricant is only applied on the outer surfaces of the cladding material; otherwise, the lubricant may reach the contact zone between the materials and prohibit the bonding between them during co-extrusion. Subsequently, the pressing billets were inserted into the extrusion press and co-extruded with a plunger speed of 3.6 mm/s, as presented schematically in Figure 1c ,d. The chamfer at the front end of the pressing billet seals the hydraulic fluid (Ricinus oil). Thus, the pressing pressure can be built up. The hydraulic fluid also acts as a lubricant, by being pressed and hauled between the die and pressing billet. It was found that a mechanical cleaning of the extrusion die from adhering aluminum after each extrusion significantly increases the surface quality of the strands. With the given dimensions of the pressing billet, extruded strands with a length of about 3500 mm and an outer diameter of 20 mm were produced.
Die Forging
The co-extruded strands were used as semi-finished products for the forging investigations. Basic investigations on the formability of the material composites by die forging were performed by Feuerhack [27, 28] . He used three one-stage processes with simple die geometries (as shown in Figure 2 ) to induce different stress conditions in the components, especially at the interface. The process parameters-including die temperature, specimen temperature and tribology-were investigated regarding their influence on the forging results. He found that best results were achieved with a lubricated die (Gleitmo 820, FUCHS lubritec, Kaiserslautern, Germany) at a temperature of 200 • C and a specimen temperature of 300 • C.
Based on these findings, he developed a more complex component he called SMART-Body. The production of the SMART-Body is a two-stage process comprising heading and net shape forging. This component was also used in the present investigation, and the process steps are given in Figure 3 . To achieve a complete filling of the die, the length of the initial billet was increased by 11 mm to 79 mm and cut off from the strand (Figure 3a) . The risk of buckling during heading also increased. With an adaptation of the heading die as presented in Section 2.3, this problem could be solved. After cutting off, the billet was heated for half an hour to 350 • C, and the heading die was heated to 200 • C. Subsequently, the billet was forged (Figure 3b) . A mechanical press (Raster Zeulenroda, PED 100.3-S4, Zeulenroda, Germany) with a maximum force of 1000 kN was used for the investigation. Thereafter, the Mg core was removed partially by drilling at both front ends of the preform. Variation of the drill hole geometry, drilling depth, and forging temperature was investigated to find the combination for the complete cladding of the Mg during net shape forging. Based on numerical analysis, a drill with a diameter of 15 mm and a drilling angle of 118 • was chosen. The drilling depth was 3 mm. Subsequently, the preform was heated up to 350 • C again and forged to net shape with a die temperature of 200 • C (Figure 3c ). MoS 2 was used for lubrication. Based on these findings, he developed a more complex component he called SMART-Body. The production of the SMART-Body is a two-stage process comprising heading and net shape forging. This component was also used in the present investigation, and the process steps are given in Figure  3 . To achieve a complete filling of the die, the length of the initial billet was increased by 11 mm to 79 mm and cut off from the strand (Figure 3a ). The risk of buckling during heading also increased. With an adaptation of the heading die as presented in Section 2.3, this problem could be solved. After cutting off, the billet was heated for half an hour to 350 °C, and the heading die was heated to 200 °C. Subsequently, the billet was forged (Figure 3b) . A mechanical press (Raster Zeulenroda, PED 100.3-S4, Zeulenroda, Germany) with a maximum force of 1000 kN was used for the investigation. Thereafter, the Mg core was removed partially by drilling at both front ends of the preform. Variation of the drill hole geometry, drilling depth, and forging temperature was investigated to find the combination for the complete cladding of the Mg during net shape forging. Based on numerical analysis, a drill with a diameter of 15 mm and a drilling angle of 118° was chosen. The drilling depth was 3 mm. Subsequently, the preform was heated up to 350 °C again and forged to net shape with a die temperature of 200 °C (Figure 3c ). MoS2 was used for lubrication. 
Numerical Analysis of the Forging Process
The development of the process chain was fully accompanied by numerical investigations for parameter identification, process design, and process understanding. A detailed analysis of the coextrusion process with respect to the prediction of the bonding can be found at KITTNER [26] . Basic Based on these findings, he developed a more complex component he called SMART-Body. The production of the SMART-Body is a two-stage process comprising heading and net shape forging. This component was also used in the present investigation, and the process steps are given in Figure  3 . To achieve a complete filling of the die, the length of the initial billet was increased by 11 mm to 79 mm and cut off from the strand (Figure 3a) . The risk of buckling during heading also increased. With an adaptation of the heading die as presented in Section 2.3, this problem could be solved. After cutting off, the billet was heated for half an hour to 350 °C, and the heading die was heated to 200 °C. Subsequently, the billet was forged (Figure 3b) . A mechanical press (Raster Zeulenroda, PED 100.3-S4, Zeulenroda, Germany) with a maximum force of 1000 kN was used for the investigation. Thereafter, the Mg core was removed partially by drilling at both front ends of the preform. Variation of the drill hole geometry, drilling depth, and forging temperature was investigated to find the combination for the complete cladding of the Mg during net shape forging. Based on numerical analysis, a drill with a diameter of 15 mm and a drilling angle of 118° was chosen. The drilling depth was 3 mm. Subsequently, the preform was heated up to 350 °C again and forged to net shape with a die temperature of 200 °C (Figure 3c ). MoS2 was used for lubrication. 
The development of the process chain was fully accompanied by numerical investigations for parameter identification, process design, and process understanding. A detailed analysis of the coextrusion process with respect to the prediction of the bonding can be found at KITTNER [26] . Basic investigations on the formability of the material composites by die forging were performed by Feuerhack [28] . He used the simulation system FORGE by Transvalor with implicit time integration. The software was also used for the forging processes in the present investigation based on the process 
The development of the process chain was fully accompanied by numerical investigations for parameter identification, process design, and process understanding. A detailed analysis of the co-extrusion process with respect to the prediction of the bonding can be found at KITTNER [26] . Basic investigations on the formability of the material composites by die forging were performed by Feuerhack [28] . He used the simulation system FORGE by Transvalor with implicit time integration. The software was also used for the forging processes in the present investigation based on the process parameters identified by Feuerhack [23, 28] . The models can be seen in Figure 4 . To limit the computation time, all dies are modeled as rigid bodies, and only the billet was fully deformable. The billet comprises the two bodies cladding (Al) and the core (Mg), connected by a sticking condition, and was thermo-mechanically coupled. The temperature field of the Al and Mg was measured during heating to forging temperature, and no significant differences were found. In accordance with Feuerhack [28] , the heat transfer coefficient between the materials was set to 10 6 W·(m 2 ·K) −1/2 to ensure an equal temperature distribution within the component. The heat transfer between the dies and the component was set to 30 × 10 3 W·(m 2 ·K) −1/2 [28] . In the beginning of the simulation, the die temperature was set to 200 • C and the billet temperature to 350 • C. Tetrahedral elements with a size of 0.6 were used for meshing the billet and 7.6 for the dies. The material data is from the literature [29] [30] [31] and Hensel-Spittel equation was used to model the material behavior. It considers the temperature-, strain-, and stress-dependence of materials. The forming history from heading was also considered during net shape forging. Based on experimental investigations, a Tresca friction factor of 0.2 was used to model the lubrication conditions. parameters identified by Feuerhack [23, 28] . The models can be seen in Figure 4 [28] . In the beginning of the simulation, the die temperature was set to 200 °C and the billet temperature to 350 °C. Tetrahedral elements with a size of 0.6 were used for meshing the billet and 7.6 for the dies. The material data is from the literature [29] [30] [31] and Hensel-Spittel equation was used to model the material behavior. It considers the temperature-, strain-, and stress-dependence of materials. The forming history from heading was also considered during net shape forging. Based on experimental investigations, a Tresca friction factor of 0.2 was used to model the lubrication conditions. Prior to the forging experiments, the heading process was investigated. To ensure a complete die filling, a longer billet was used. Therefore, the model of the former used heading die was adapted to prevent the specimens from buckling. By using a longer billet, the lower die was deepened 9 mm to keep the same size of the head. Additionally, a cavity with the same geometry as the upper part of the head was machined into the upper die. The cavity ensures centering of the billet at the beginning of the heading process, and buckling should be prevented. This was verified with an inclined billet, as can be seen in Figure 4a . The angle between the middle axes of the forging dies and the billet was 1°. Based on these results, the forging dies were also adapted.
After heading, the model of the billet was transferred into a new simulation for the investigation of the removal of the Mg-core and its influence on net shape forging. FORGE provides a special trimming tool to remove material volume by deleting elements. Removing material volume is often problematic in numerical analysis, especially if the model is used in further processing. The elements are connected to forming data (stress, strain, force, etc.), which are also deleted. This missing data can lead to a failing remeshing during transfer from one simulation to the other. In this case, the tool was used to remove the Mg core for the net shape forging after heading with no loss of forming data. Different geometries of the drilling hole (conical, blind), drilling depths (1-4 mm), and forging temperature (300 °C, 350 °C, 400 °C) were investigated and validated with experiments. Figure 4b shows the headed preform with removed Mg core on both sides with a depth of 3 mm and a drilling angle of 118° placed in the net shape forging die. Prior to the forging experiments, the heading process was investigated. To ensure a complete die filling, a longer billet was used. Therefore, the model of the former used heading die was adapted to prevent the specimens from buckling. By using a longer billet, the lower die was deepened 9 mm to keep the same size of the head. Additionally, a cavity with the same geometry as the upper part of the head was machined into the upper die. The cavity ensures centering of the billet at the beginning of the heading process, and buckling should be prevented. This was verified with an inclined billet, as can be seen in Figure 4a . The angle between the middle axes of the forging dies and the billet was 1 • . Based on these results, the forging dies were also adapted.
After heading, the model of the billet was transferred into a new simulation for the investigation of the removal of the Mg-core and its influence on net shape forging. FORGE provides a special trimming tool to remove material volume by deleting elements. Removing material volume is often problematic in numerical analysis, especially if the model is used in further processing. The elements are connected to forming data (stress, strain, force, etc.), which are also deleted. This missing data can lead to a failing remeshing during transfer from one simulation to the other. In this case, the tool was used to remove the Mg core for the net shape forging after heading with no loss of forming data. Different geometries of the drilling hole (conical, blind), drilling depths (1-4 mm), and forging temperature (300 • C, 350 • C, 400 • C) were investigated and validated with experiments. Figure 4b shows the headed preform with removed Mg core on both sides with a depth of 3 mm and a drilling angle of 118 • placed in the net shape forging die.
Results

Hydrostatic Co-Extrusion
Figure 5a-c shows the longitudinal cross-sections of the co-extruded strands. Due to the conical shape of the formerly used pressing billet, there is a section of about 200 mm at the beginning of the strand, where the Mg has no Al cladding (Figure 5a ). By contrast, the improved pressing billet geometry results in an enclosed Mg core from the beginning of the process (Figure 5b ). The process parameters of the co-extrusion must be adjusted in such a way that an undamaged strand and a sufficient bonding between the materials are ensured. Due to the substantial surface enlargement during co-extrusion, the oxide layers on the materials break up, and the pure materials enter in contact. This results in an accelerated diffusion process and the formation of an interface with two intermetallic phases, Al 3 Mg 2 and Al 12 Mg 17 , as shown in Figure 5d ,e.
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Hydrostatic Co-Extrusion
Figure 5a-c shows the longitudinal cross-sections of the co-extruded strands. Due to the conical shape of the formerly used pressing billet, there is a section of about 200 mm at the beginning of the strand, where the Mg has no Al cladding (Figure 5a ). By contrast, the improved pressing billet geometry results in an enclosed Mg core from the beginning of the process (Figure 5b) . The process parameters of the co-extrusion must be adjusted in such a way that an undamaged strand and a sufficient bonding between the materials are ensured. Due to the substantial surface enlargement during co-extrusion, the oxide layers on the materials break up, and the pure materials enter in contact. This results in an accelerated diffusion process and the formation of an interface with two intermetallic phases, Al3Mg2 and Al12Mg17, as shown in Figure 5d ,e. After co-extrusion, the interface had a thickness of 1-2 µ m. It is essential to keep the extrusion temperature below the eutectic melting temperatures (436 °C or 450 °C ) of the intermetallic phases; otherwise, a eutectic cast microstructure develops at the interface with worse mechanical properties than a diffusion-based microstructure [14, 26] .
Ultrasonic testing is a straightforward method of investigating whether bonding was achieved. With this non-destructive method, the entire strand can be evaluated by the ultrasonic reflections, as shown in Figure 6 . If there is a complete bonding, the ultrasonic waves are reflected at the opposite edge of the strand, resulting in one single strong peak. The two smaller peaks arise from the partial reflection at the interface (Figure 6a ). If there is no bonding, the ultrasonic waves are reflected completely and can be identified by many strong peaks corresponding to the repeated reflection at the interface (Figure 6b ). After co-extrusion, the interface had a thickness of 1-2 µm. It is essential to keep the extrusion temperature below the eutectic melting temperatures (436 • C or 450 • C) of the intermetallic phases; otherwise, a eutectic cast microstructure develops at the interface with worse mechanical properties than a diffusion-based microstructure [14, 26] .
Ultrasonic testing is a straightforward method of investigating whether bonding was achieved. With this non-destructive method, the entire strand can be evaluated by the ultrasonic reflections, as shown in Figure 6 . If there is a complete bonding, the ultrasonic waves are reflected at the opposite edge of the strand, resulting in one single strong peak. The two smaller peaks arise from the partial reflection at the interface (Figure 6a ). If there is no bonding, the ultrasonic waves are reflected completely and can be identified by many strong peaks corresponding to the repeated reflection at the interface (Figure 6b 
Die Forging
The investigations on the removal of the Mg core showed that a conical drilling hole results in a complete closing of the front ends, as shown in Figure 7 . A complete closing was achieved if the drilling depth was at least 2 mm. An overly-deep drilling hole can lead to the voids remaining between Al and Mg. If the drilling hole is not deep enough, the enclosure is incomplete. The increase of the temperature increases the flash formation by lowering the yield stress. This can promote a flowing of the Mg into the flash due to the increased formability. The interaction of these parameters depends on the component geometry, and must be evaluated for each geometry individually. For the SMART-Body, a complete enclosure of the Mg-core was achieved with a 15 mm conical drilling hole and a depth of 3 mm forged at 350 °C. Depending on the state of closing at the front ends, forging forces of 800 to 1000 kN were measured.
(a) (b) Figure 7 . Cross-sections of (a) the preform with partially-removed Mg core and (b) the net shape forged component. Figure 8 shows the micrographs of closed front ends and the flash region. They confirm a complete Al cladding. Due to the pressure during forging, the Al is formed around the front ends of the Mg and flows out of the flash gap. The conical Mg core is folded, as indicated by the gap in Figure  8a . A precise positioning of the drilling hole is essential to ensure a complete removal of the Mg at the drilling hole walls. This was the case in the lower part of the component. The interface-free region (dashed arrows) indicates the former drilling hole wall folded onto the Mg. No diffusion was observed between Al and Mg in this region. Due to the compression stress and the missing surface enlargement, the oxide layers (not visible) could not be broken up, and hence prohibit diffusion. In the upper part, the interface (black arrows) was not removed during drilling, and thus it folded onto the Mg. The gap indicates the former drilling hole wall. One part of the interface was partially pressed 
The investigations on the removal of the Mg core showed that a conical drilling hole results in a complete closing of the front ends, as shown in Figure 7 . A complete closing was achieved if the drilling depth was at least 2 mm. An overly-deep drilling hole can lead to the voids remaining between Al and Mg. If the drilling hole is not deep enough, the enclosure is incomplete. The increase of the temperature increases the flash formation by lowering the yield stress. This can promote a flowing of the Mg into the flash due to the increased formability. The interaction of these parameters depends on the component geometry, and must be evaluated for each geometry individually. For the SMART-Body, a complete enclosure of the Mg-core was achieved with a 15 mm conical drilling hole and a depth of 3 mm forged at 350 • C. Depending on the state of closing at the front ends, forging forces of 800 to 1000 kN were measured. 
(a) (b) Figure 7 . Cross-sections of (a) the preform with partially-removed Mg core and (b) the net shape forged component. Figure 8 shows the micrographs of closed front ends and the flash region. They confirm a complete Al cladding. Due to the pressure during forging, the Al is formed around the front ends of the Mg and flows out of the flash gap. The conical Mg core is folded, as indicated by the gap in Figure  8a . A precise positioning of the drilling hole is essential to ensure a complete removal of the Mg at the drilling hole walls. This was the case in the lower part of the component. The interface-free region (dashed arrows) indicates the former drilling hole wall folded onto the Mg. No diffusion was observed between Al and Mg in this region. Due to the compression stress and the missing surface enlargement, the oxide layers (not visible) could not be broken up, and hence prohibit diffusion. In the upper part, the interface (black arrows) was not removed during drilling, and thus it folded onto the Mg. The gap indicates the former drilling hole wall. One part of the interface was partially pressed Figure 8a . A precise positioning of the drilling hole is essential to ensure a complete removal of the Mg at the drilling hole walls. This was the case in the lower part of the component. The interface-free region (dashed arrows) indicates the former drilling hole wall folded onto the Mg. No diffusion was observed between Al and Mg in this region. Due to the compression stress and the missing surface enlargement, the oxide layers (not visible) could not be broken up, and hence prohibit diffusion. In the upper part, the interface (black arrows) was not removed during drilling, and thus it folded onto the Mg. The gap indicates the former drilling hole wall. One part of the interface was partially pressed into the flash gap. Thus, the interface could be pressed out through the flash gap and lower the corrosion resistance by preventing diffusion between the Al. The contact zone of the Al can hardly be identified in Figure 8a . Due to the forming pressure, high strains and temperature influence in that region, and self-diffusion between Al is supposed. No self-diffusion is observed between Mg.
be identified in Figure 8a . Due to the forming pressure, high strains and temperature influence in that region, and self-diffusion between Al is supposed. No self-diffusion is observed between Mg.
Due to the different Mg core geometry at the opposite side, it is not possible to remove the Mg sufficiently (also see arrows in Figure 3b ). As shown in Figure 8b , the drilling hole walls with the remaining interface were formed onto the Mg, similar to Figure 8a . The contact zone is indicated by black arrows. Together with Mg, the interface was also pressed through the flash gap. Self-diffusion was not observed here, being potentially inhibited by lubricant and other contaminants on the surfaces, which are also pressed through the flash gap. Such impurities must be eliminated to allow diffusion and prevent the contact zone from corrosion. Furthermore, the micrographs show an increase in interface thickness (dashed arrows in Figure 8b ). The increase starts from the average value of about 27 µ m and reaches values of about 35 µm, and cannot be related to differences in thermal history. This phenomenon was found and described by Feuerhack [28] during upsetting and is confirmed in the present investigation. The hydrostatic pressure during compression of the interface offers a certain formability of the interface and prevents it from fragmentation.
(b) (a) Figure 8 . Micrographs of the flash gap region at the front ends of the bimetal component.
Numerical Analysis of the Forging Process
The function of the cavity in the upper die is demonstrated in Figure 9a -c for several process steps. After the contact of the inclined billet with the cavity (Figure 9a) , it is aligned to the center axis of the forging dies (Figure 9b) . Thus, the heading process can be finished without buckling of the billet (Figure 9c ). Figure 9d shows the simulation results of the net shape forging of the SMART-Body with a partially-removed Mg core (conical; diameter 15 mm; depth 3 mm). A comparison with the cross-section of the forged component in Figure 7c shows a good agreement between the shape of the Mg core obtained from Finite Element simulation and experiment. Furthermore, the enclosure of the Mg core by the Al is in good agreement with the experimental results. With respect to the chosen boundary conditions, the forging force of about 900 kN was calculated. Due to the different Mg core geometry at the opposite side, it is not possible to remove the Mg sufficiently (also see arrows in Figure 3b ). As shown in Figure 8b , the drilling hole walls with the remaining interface were formed onto the Mg, similar to Figure 8a . The contact zone is indicated by black arrows. Together with Mg, the interface was also pressed through the flash gap. Self-diffusion was not observed here, being potentially inhibited by lubricant and other contaminants on the surfaces, which are also pressed through the flash gap. Such impurities must be eliminated to allow diffusion and prevent the contact zone from corrosion. Furthermore, the micrographs show an increase in interface thickness (dashed arrows in Figure 8b ). The increase starts from the average value of about 27 µm and reaches values of about 35 µm, and cannot be related to differences in thermal history. This phenomenon was found and described by Feuerhack [28] during upsetting and is confirmed in the present investigation. The hydrostatic pressure during compression of the interface offers a certain formability of the interface and prevents it from fragmentation.
The function of the cavity in the upper die is demonstrated in Figure 9a -c for several process steps. After the contact of the inclined billet with the cavity (Figure 9a) , it is aligned to the center axis of the forging dies (Figure 9b) . Thus, the heading process can be finished without buckling of the billet (Figure 9c ). Figure 9d shows the simulation results of the net shape forging of the SMART-Body with a partially-removed Mg core (conical; diameter 15 mm; depth 3 mm). A comparison with the cross-section of the forged component in Figure 7c shows a good agreement between the shape of the Mg core obtained from Finite Element simulation and experiment. Furthermore, the enclosure of the Mg core by the Al is in good agreement with the experimental results. With respect to the chosen boundary conditions, the forging force of about 900 kN was calculated. 
Conclusions
A process chain for the production of a completely Al-cladded bimetal component with Mg core has been presented. Semi-finished products are produced by hydrostatic co-extrusion at 300 °C with a diameter of 20 mm and a length of about 3500 mm. The bimetal component was produced by die forging in a two-stage process. Billets with a length of 79 mm were cut off from the bar-shaped rods and forged at a temperature of 350 °C. The first process step-heading-is to achieve an appropriate distribution of material volume before net shape forging. To prevent the billets from buckling, the heading die was adapted with an additional cavity in the upper die. The cavity ensures centering of the billets in the first process steps. After heading, the Mg core was partially removed by drilling at the front ends. The remaining and protruding Al encloses the Mg core during the second forging step. The contact zone of the enclosing Al is located in the center of the flash gap and self-diffusion is supposed between the Al-cladding at the front ends.
The described process chain shows one approach to producing lightweight components from a metallic material composite. However, the size of such components is limited with respect to the size of the co-extruded rods. Nonetheless, there is strong potential in this field for future investigations. The focus might be on the improvement of this process chain or the development of other strategies and material combinations. 
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